Ilmenite-type natural ore which is constituted mainly of iron-titanium oxide is an interesting candidate as an oxygen carrier in chemical looping combustion (CLC) process. Its reactivity was investigated using methane as reducing gas and air as oxidizing gas. Experiments were carried out in a coupled thermogravimetric-thermo differential analyzer (TGA-DTA). When temperature increases from 700˚C to 1000˚C, the reaction rate increases by 50 times while the oxygen transfer capacity passes from 1.8% to 12%. TG-DT analyses showed that the overall mass loss due to ilmenite reduction reached at most 12%. It corresponds to 87% of theoretical mass loss due to the transformation of Fe 2 TiO 5 into Fe and TiO 2 . It is established that the reduction for the iron-titanium oxides occurs in two steps: Fe 2 TiO 5  FeTiO 3  Fe + TiO 2 . The titanium reduction from the state TiO 2 to the stage Ti 3 O 5 was observed as well. This behavior is supported by XRD analysis. Subsequent oxidation of the reduced mineral led to recover the starting oxide. The stability of iron-titanium oxides was established over 35 looping cycles of oxidation-reduction, with an increase of 5% of oxygen transfer capacity and reactivity in the first 5 cycles and after that, ilmenite reactivity remained constant. At high temperatures, catalytic effect of ilmenite on methane decomposition leading to carbon deposition is observed. The deposited carbon participates in the reactivity of the oxide.
Introduction
In recent years, the increase of greenhouse gases (GHG) emissions is considered as a major environmental problem. The use of fossil fuels for energy production is one of its main causes [1] . Since environmentally friendly sources of energy, such as solar, wind, hydrogen, biomass, etc. are not totally developed to replace completely the energy generation from fossil fuels [2] , the capture of generated carbon dioxide for its subsequent sequestration has become the more favorable short-term solution.
Chemical looping combustion (CLC) is one of the most promising technologies for the capture of carbon dioxide (CO 2 ) at low cost, with a high efficiency. This system employs a solid oxygen-carrier (OC), typically a metal oxide, instead of air as the oxygen source for combustion. The flue gas contains mainly CO 2 and water. Since it does not contain nitrogen, the CO 2 separation, which has the major cost for CO 2 capture can be avoided.
As illustrated in Figure 1 , in CLC, the solid oxygencarrier is circulated in a loop between two reactors. In combustion reactor, solid oxygen carrier reacts with fuel to produce mainly carbon dioxide and water. Those compounds can be easily separated by water condensation. The reduced oxygen carrier is then transported to the air reactor where it is oxidized with heat releases. The exhaust gas from air reactor is composed only of oxygen depleted air. The overall reactions of the oxygen carrier can be written as:
In combustion reactor: The total amount of heat resulting from reactions (1.1) and (1.2) does not change from a conventional combustion where the fuel is in direct contact with air. Consequently, CLC process has the advantage of producing a pure stream of CO 2 without additional energy for gases separation.
The use of CLC was firstly introduced by Ishida [3] and developed for gaseous fuels. The earlier research on CLC focused on the selection of appropriate oxygen carriers, as one of the most critical steps. Several possible oxygen carriers have been tested: metal oxides based on nickel, copper, iron, manganese, cobalt or even mixedoxide oxygen carriers with various support materials (alumina, bentonite, rutile, etc.) [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . It has been agreed that NiO and CuO were the most reactive metal oxides. However, Cu sinters at 950˚C which limits the application at high temperature [5] and Ni is expensive and may generate detrimental environmental (including health and safety) effects. The Fe exhibits a moderate activity with a partial conversion of Fe 3+ . Leion et al. [14, 15] found that iron minerals are a good low cost alternative to synthetic oxygen carrier while keeping most of the suitable characteristics in CLC process. Ilmenite has proved to be the most interesting iron ores [16] [17] [18] .
Ilmenite is a mineral composed of crystalline titanium-iron oxide (FeTiO 3 ). The Fe-Ti-O system including ilmenite can take several solid solutions depending on the stoichiometry between iron and titanium oxides. Nell et al. [19] Besides, Briggs et al. [20] have found that pre-oxidation of mineral increases the rate reduction of samples. Once the mineral is reduced, rutile is formed and appears outside of the iron-containing phases. During the oxidation of the reduced mineral, the original ilmenite phase is reformed and moves back into the original structure.
The industrial feasibility of CLC process for gas fuels has been successfully tested in fluidized reactor units ranging from 300 W -500 kW using natural gas or syngas [21] [22] [23] [24] [25] [26] . These reactors have the advantage of earning excellent transport properties. However, when used with iron oxide as oxygen carrier, this reactor configuration does not allow the conversion of Fe 3+ to Fe 0 because of high partial pressure ratio CO 2 /CO (see Figure 2) .
According to several authors [27, 28] , the reduction of ilmenite to metallic iron avoids to oxidize completely the methane to the state of CO 2 . Even if this inconvenience is confirmed, it is possible to take advantage of the high capacity of oxygen transfer of the ilmenite in a reactor implementation which ensures a complete conversion of methane into CO 2 ; for Instance, if a countercurrent (Figure 3) moving bed is used, thermodynamic equilib- rium is shifted and higher conversions of iron oxides can be achieved. Thus, a higher oxygen transfer capacity takes place meaning in a significantly less amount of oxygen carrier and smaller reactor configuration. Previous work [29] in moving bed flow has demonstrated the plug flow behavior of the solids and the uniform porosity distribution into the bed. These characteristics are suitable to a good solid-gas contact and therefore a good reactivity on CLC can be expected.
Regarding, the reducing agents, most of available literature describes ilmenite reduction using gasification products (hydrogen, carbon monoxide), or carbon [16] , [30] [31] [32] [33] but only a limited number of studies have included the methane among these agents. Flamant et al. [34] indicated that from a thermodynamic point of view, the ilmenite reduction is more favorable using methane than using H 2 or CO as reducing agent. From a kinetic point of view, Adanez et al. [16] have shown that ilmenite has a decreasing reactivity towards gas combustibles as: H 2 > CO > CH 4 .
Methane sources are diverse. It represents the major component of natural gas. It is also released into the primary thermal decomposition of fuel at amounts as higher as 20% for biomass fuels [34] . Moreover, the results obtained by Leion [14] , Cuadrat [33] [34] [35] and Berguerand [36] [37] [38] , when using solid fuels, unconverted methane is found in the exhaust gases from fuel reactor. Thereby, the comprehension of methane reactivity must be deepened into the global behavior of CLC process.
The aim of this paper is to contribute in understanding of ilmenite reduction using methane as a reducing agent. This study uses principally TG-DT analysis to evaluate the reactivity of ilmenite in order to be applied in a countercurrent moving bed. XR diffraction is used as a technique for solids characterization. Reactivity is discussed as a function of temperature and gas composition. The influence of carbon deposition and ilmenite behavior in cyclical reduction-oxidation are also investigated.
Experimental Section

Characterization of Materials
The raw ilmenite as well as reacted ilmenite were characterized by:  X-ray diffraction using a powder X-ray diffractometer (XRD) Inel CPS 120 equipped with iron anticathode with filtered radiation λ = 1.936 Å and an ethane ionization curved detector allowing angles to be read simultaneously in the range 2θ = 5˚ -120˚.  Measurement of BET specific surface area which is taken in a conventional static volume apparatus (Micromeritics ASAP 2020) operating with N 2 adsorption at −196˚C. The samples were initially degassed during 3 hours at 300˚C.
 Granulometric analysis established with a Mastersize X laser diffraction analyzer.  He pycnometry using a Accupyc 1330 de Micromeretics Instruments Inc.
Reactivity Test
Raw ilmenite was pre-oxidized under air atmosphere at 1000˚C for 24 hours. Reactivity experiments were performed using SETARAM 92 coupled TG-DT analyzer. Samples of 20 ± 2 mg of pre-oxidized ilmenite were placed in a platinum crucible and preheated (heating rate 20˚C/min) under N 2 atmosphere to the desired reaction temperature ranging from 700˚C to 1000˚C. Then, it was exposed to a reducing gas (CH 4 ) or to an oxidizing gas (air) until the end of the reaction. Throughout the reduction/oxidation reactions, the weight and the heat flow of the sample was recorded continuously. The gas flow rate for all periods and cycles was 30 mL/min (at 1 bar and 25˚C). To determine the influence of water steam on carbon deposition, a bubbler was used to saturate the inlet reactive gas with steam. According to the selected temperature of the bubbler, the steam ratio was adjusted from 0% to 20%.
To determine the stability of ilmenite and its reactivity, successive reductions and oxidations were conducted over 32 cycles at 900˚C. The solid was exposed to methane and air alternately to simulate the CLC process cycle. To avoid mixing between the oxidation and reduction gases, the reactor was flushed with nitrogen for 3 minutes after each stage of the cycle.
Results and Discussion
Characterization of Ilmenite
XRD patterns of the initial ilmenite sample and pre-oxidized ilmenite (Figure 4 ) suggest that FeTiO 3 is the only crystalline phase present in the raw ilmenite. After oxidation, a mixture of two crystalline phases, ilmenite (FeTiO 3 ), pseudobrookite (Fe 2 TiO 5 ) and TiO 2 are de- tected. Other characteristics of the raw ilmenite can be found in Table 1 in Section 3.5, later.
Ilmenite Reactivity
Ilmenite reactivity was investigated during reduction and oxidation separately. Since the oxidized mineral is a complex mixture of Fe 2 TiO 5 , FeTiO 3 and TiO 2 ( Figure  4(b) ), assuming that TiO 2 is an inert material that is not affected by the reduction and the mass loss is only due to the iron cations reduction, the following reduction reactions can be expected to occur:
From 
During the ilmenite reduction at 900˚C with pure CH 4 , two different rates of weight loses associated with two simultaneous endothermic DT peaks are observed (see Figure 5 ). The second reaction is more endothermic and faster than the first one. This behavior reveals the succession of at least two different reactions. When the weight loss reaches about 10%, the increase of the sample weight is observed.
During the ilmenite reduction, different phenomena should be taken into account. In fact, the TG signal represents the overall weight variation of the sample. It results of the signals superposition from simultaneous reactions: on one hand, the reduction of pre-oxidized il- menite and on the other hand the deposition of carbon due to the methane decomposition. Initially, the ilmenite reduction is accompanied by the weight loss of the sample, however, when most of the available oxygen in the mineral is exhausted, the carbon resulting from the methane decomposition accumulates on the sample. In other words, when carbon deposition prevails over ilmenite reduction, the weight variation becomes positive. Two explanations can justify this behavior. On one hand, knowing that the iron group (Fe, Ni, Co) is the traditional catalyst of the methane decomposition and that the iron forms exactly during the second stage of ilmenite reduction, one expect that it comes along by a carbon deposition. On the other hand, the carbon itself can contribute in the reduction of the ilmenite and thus, as long as the metallic iron is not reached, the carbon cannot accumulate on the sample. It is also possible that both described mechanisms participate simultaneously to prevent the carbon deposition during the beginning of the reduction.
The whole reaction is over in about 20 minutes. This is indicated by the coming back of the DT signal to the baseline. The weight variation obtained in thermogravimetric tests can directly be associated with the oxygen transfer capacity of the carrier (R O ) from the relationship:
where m ox and m r are respectively the mass of the most oxidized and the most reduced forms of the oxygen carrier. The oxygen transfer capacity is about 9.5% for this test (900˚C). Theoretical oxygen transport capacities from total conversion of reactions (3.1) to (3.6) are summarized in Table 2 . Oxidation of ilmenite was carried out using air as oxidizing agent. Results from test at 900˚C are shown in Figure 6 . They confirm the validity of the sequential reactions observed during the reduction test. Once again the thermogravimetric signal is overlapping the response of two phenomena: the oxidation of the 
Figure 6. TG-DT analysis during ilmenite oxidation at 900˚C.
reduced ilmenite (resulting in a mass decrease) and this of the deposited carbon (resulting in a mass increase). The DT signal corresponds to the exothermic behavior of the overall reactions including the carbon combustion. At the end of oxidation the sample weight is slightly higher than before reduction. Thus, the R O is enhanced over the first reduction-oxidation cycle.
Temperature Effect
The reduction behavior of pre-oxidized ilmenite was studied at 700˚C, 800˚C, 900˚C and 1000˚C. Reduced samples were characterized by XDR in order to have an idea of the nature of formed species. The temporal weight losses at these four temperatures are presented in Figure 7 and the corresponding difractogrammes in Figure 8 . As expected, the reduction rates increases with increasing temperature.
The time to reach the maximum weight loss during the reduction has been decreased by 50 times between 700˚C and 1000˚C and R O passed from 1.8% to 12%.
At 700˚C, the maximal weight loss was reached after 250 minutes. The reduction profile did not show a significant carbon deposition after 500 min of reaction.
The XRD analysis (Figure 8(d) ) revealed that the principal products of the pre-oxidized ilmenite (mostly At temperature higher than 800°C, reduction takes place in a two stages mechanism and a variation in the curves slopes is noted around 4% of weight loss. As presented in previous section, the first stage has a lower reduction rate than the second one.
These results are in disagreement with those reported by Abad et al. [28] indicating a higher rate for the first reduction step. The divergence could be caused by the lower methane concentration used in their work. Comparison of the measured weight loss with the theoretical values of R O indicates that the first reaction is related to the complete reduction of Fe 2 TiO 5 to FeTiO 3 , just as in reduction at 700˚C (reaction 3.2). This result is confirmed by XRD (Figures 8(a)-(c) ).
In the second stage, the metallic iron formation was proved and coupled to the disappearance of most of Fe Besides, others phases have been detected; a graphite peak reveals the presence of deposed carbon in the overall range of studied temperatures. The migration of the carbon particles within the crystal lattice of mineral was evidenced by the apparition of the Fe 3 C phase from 900˚C.
This formation was increased with temperature. At 1000˚C, the apparition of a reduced titanium oxide form (Ti 3 O 5 ) is observed as well, besides of the loss of TiO 2 which is no longer visible. It indicates that ilmenite reactivity could not be completely approached by the only iron oxides reactivity and that mineral must be studied as such. The weight variation due to these parallel reactions is involved into the overall signal of TGA.
Effect of Carbon Deposition
As presented previously, carbon deposition is observed in all tests at temperature higher than 700˚C. Carbon deposition on the solid oxide is a fatal problem, because it lowers the mineral activity and shortens its life. Furthermore, it could diminish the CO 2 capture in the CLC process. To determine the impact of this deposition over the ilmenite reduction, steam water was added in the feed gas. Temperature was fixed at 1000˚C and steam was generated by saturating the inlet courant using a bubbler. Figure 9 shows the results from reduction test at 0% and 20% steam, it can be observed that for the first stage of reduction, the bearing of both tests is quite similar and there is no difference between the reduction rates. R O is slightly modified by the water addition; this variation is in agreement with the diminution of deposed carbon.
In the second stage, the reduction rate decreases when the steam is added. The reduction of the reduction rate is probably due to the partial pressure decrease of methane. The whole behavior of the curves permits to affirm that over the first stage of reduction there is no carbon deposition, which is only observed when the available oxygen in the mineral decreases. The addition of water steam enables a slight higher global weight loss. At test conditions, steam water did not avoid carbon deposition completely.
The effect of carbon deposition over ilmenite during reduction was also studied. As it can be observed in Figure 5 , after the solid has reached its maximal weight loss, the deposition prevails over ilmenite reduction. Figure  10 shows the behavior corresponding to the only carbon deposition phenomena (positive slope from reduction curves obtained from TGA).
It is also shown in this Figure for a comparison, a carbon deposition obtained on an inert solid (α-Alumina) instead of the ilmenite. It can be noted that the carbon deposition is favored in the presence of the reduced ilmenite, acting like a catalyst for methane cracking due to its iron content. The addition of 20% of water on reactive gas reduced the carbon deposition by a factor of 30.
Cyclical Test
Cyclical test was performed in order to investigate the behavior of ilmenite in a normal cycle of CLC process and the reactivity, deactivation and renewability of the Figure 12 shows weight variation with time during the reduction of pre-oxidized ilmenite after different consecutive cycles. Like for the increase of oxygen capacity transfer, successive redox cycles enhance the reaction rate of ilmenite reduction. The reactivity rises around 9 times over 30 cycles.
mineral. Tests were performed over 32 cycles of reduction-oxidation with TG-TD analysis. Temperature was fixed at 900˚C, air was used as oxidizing agent and pure methane was used as reducing agent. Reaction time during oxidation was set by the stabilization of the maximum weight in the case of oxidation. Reduction was considered achieved and the methane feed was stopped when the lowest mass of the sample was reached and carbon deposition begins to increase the sample mass. Figure 11 represents the sample weight variation during the first 10 cycles for pre-oxidized ilmenite.
Discussion
The influence of the studied parameters (composition, temperature) on ilmenite reduction and on carbon deposition intended evaluate the ilmenite performance as an oxygen carrier in order to be used in countercurrent moving bed CLC process. A particular attention is granted to the phase of ilmenite reduction to look for the conditions allowing a high rate of reaction, a high oxygen transfer capacity and a minimization of the carbon deposit. Even if the analysis of products resulting from the reduction of the ilmenite was not realized, it is important for the CLC process to ensure that methane is mainly converted into CO 2 .
At first, ilmenite reacts slowly and reaches a weight variation of 9.5%. This variation is considered to be entirely due to oxygen transfer. When there was not a high amount of available oxygen in the mineral, the beginning of carbon deposition was observed and the feed of reducing gas was stopped.
After the sample is flushed with nitrogen, oxidation takes place and the TG signal has come back to initial value. There is however a phase of solid activation during the first 5 redox cycles, where both weight lost in reduction and gained in oxidation are increased. The weight loss stabilizes at an average value of 10.8% for reduction reaction and it can be also observed a growth of 0.8% of capacity of oxidation.
The study of the complete reduction of Fe-Ti-O system until the most reduced oxidation states of iron shows the great advantage in terms of the extended oxygen transport capacity from the ore, the reducibility tests have exposed that when high methane concentrations and high temperatures are fixed, the mineral can loss of 12% of their initial weight. This value corresponds to 60% of the total amount of oxygen present in the ore as the iron oxides forms, meaning 80% of the oxygen transfer capacity when the reaction schema follows the mechanism presented above (FeTiO 5  FeTiO 3  Fe + TiO 2 ). (see Table 2 ). The gases analysis was not performed, but it is known from thermodynamics that the second reduction step, leads to a partial oxidation of methane to CO. This equilibrium can be shifted by using a countercurrent moving bed, and in this way a complete oxidation into CO 2 can be reached. These experiences will be the issue of future works. Test cycle demonstrate that after extent iron reductions is achieved (the case into a countercurrent moving reactor), the physicochemical structure change without losing in terms of activity of the mineral.
Both rate of reaction and oxygen transfer capacity have been improved despite the carbon deposition; this results are consistent with Cuadrat et al. experiences [39] carried out at a lower methane concentration. The improvement of ilmenite performance is associated with the porosity and reactive surface development on metallic solid. In fact, the reaction between oxygen from ilmenite and methane allows the formation of lacks in the crystalline lattice and thus enlarges the specific surface available to react. The results from characterization of reacted ilmenite exhibit a porosity development. Low values of BET surface area were measured, but a considerable increase was observed after 5 cycles of reduction-oxidation. The ilmenite properties after 32 reduction oxidation did not show significant differences compared to 5 cycles characteristics. This study has also been established that the carbon deposition due to methane decomposition was present in all tests over 800˚C. Its deposition rate was favored because of the ilmenite use. However, it has been identified that such deposition is favorable just when the oxygen capacity from the ore is exhausted.
On the other hand it has been verified that the presence of water significantly reduces this phenomenon, even in quantities as low as 20%. Anyway since water is a product of the reaction of reduction of ilmenite, this phenomenon can be avoided in the industrial realization of the process.
Conclusions
The reduction of pre-oxidized ilmenite using methane as reducing agent has been examined by TG-DT analysis. Several conclusions in connection with the chemical looping combustion can be drawn. Oxygen transfer capacity of mineral is enhanced with increasing temperature and concentration of reduction agent. The global reaction rate has increased by 50 times when temperature was increased from 700˚C to 1000˚C. Two stages of reduction were observed during the ilmenite reduction at temperatures higher than 800˚C. These stages were confirmed by XRD. During the first stage, reduction takes place mainly as Fe 2 TiO 5  FeTiO 3 and was characterized by slower rates than second one. In second stage the ilmenite reduction takes place mainly as FeTiO 3  Fe + TiO 2 . At 1000˚C, a reduced titanium oxide form (Ti 3 O 5 ) is observed simultaneously with the loss of TiO 2 which is no longer visible. It indicates that ilmenite oxygen transfer capacity in ultimate state of reduction is not only due to iron oxides reactivity but also to titanium oxide.
Ilmenite plays catalyst role in methane decomposition. However, the carbon deposition was confirmed to take place only at the end of the second reduction stage when most of oxygen available on mineral was depleted. The ilmenite renewability was confirmed over 30 cycles of reduction-oxidation, and as previously presented by Adanez et al. an enhancement on ilmenite reactivity (reaction rate and oxygen transfer capacity) has been reached after first cycles. In this test the oxygen transfer capacity rises by 2% on the first five cycles whereupon it remains constant.
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